Abstract-The "Gen2" specification for UHF passive RFID systems released by EPCglobal has become an intense research interest. A Gen2 tag derives its power from the RF wave emitted by a Gen2 RFID reader and responds its modulated backscatter signals to the reader. Due to the large propagation loss, the accessible range of a Gen2 tag is hence limited. Moreover, the readability of a Gen2 tag is often influenced by the multipath fading problem. In order to mitigate the problems, a multi-carrier UHF passive RFID system utilizing the frequency diverse backscatter ability of a Gen2 tag is proposed in a prior work. In this work, a thorough analysis of the system is given. Especially, the appropriate powers of the transceiver and CWEs are derived to make the system more feasible in practical applications. 
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I. INTRODUCTION
The radio frequency identification (RFID) technology with its prosperous market and its diverse applications has gained much attention recently. Owing to the low cost, small size, long accessible range tags, the UHF passive RFID system is especially promoted by EPCglobal. In 2005, The "Gen2" specification for UHF passive RFID system is released by EPCglobal [1] . Because a Gen2 tag derives its power from the RF waves emitted by a Gen2 RFID reader and responds its modulated backscatter (MBS) signals to the reader, the accessible range is hence limited due to the large propagation loss. Besides the free space attenuation, there exists multipath fading effect in reality, which can often result in readability problems as well [3] .
In an ordinary EPCglobal Gen2 RFID system [1] , an integrated reader not only transmits continuous waves (CW) to provide energy and the backscatter carrier to tags, but also sends the pulse-interval encoding (PIE) readerto-tag (R-T) commands to tags and receives the tag-toreader (T-R) responses. Assuming that the maximum accessible distance between a reader and a tag is , and the power of the CW emitted from the reader is 0 d cw P as shown in Fig. 1(a) . In accordance with the Friis equation [4] , the received power of the tag P can be presented as
where λ is the wavelength of the CW, G and are the power gains of the reader and tag antennas respectively.
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When the tag is powered up, it listens for the R-T commands and adjusts its impedance match between the IC and antenna appropriately to respond the MBS T-R signals. The power of the MBS signal received at the reader rx P can be written as
Substituting from tag P (1) into (2), we see that rx P is reverse proportional to the four squares of d .
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The accessible distance of a Gen2 tag is mainly determined by two factors: the power of the MBS received at the reader rx P and the received power of the tag . The former factor is related to the signal quality of MBS, which can usually be overcome by using a high sensitivity reader. However, the signal fading problem in a multipath environment is unsolved. On the other hand, the latter one is a more critical problem in a passive RFID system, because it not only affects the power of MBS but also determines the available power of the passive tag.
Based on empirical results, the strength of P is the main factor that constrains the accessible distance of a passive tag. An intuitive solution of increasing P without changing G is to enlarge a multipath environment is unsolved. On the other hand, the latter one is a more critical problem in a passive RFID system, because it not only affects the power of MBS but also determines the available power of the passive tag. propose a multi-carrier UHF passive RFID system, whose diagrammatic sketch is shown in Fig. 1(b) . The proposed system not only can provide sufficient energy to Gen2 tags but also can generate frequency diverse MBS. Furthermore, taking the advantages of multiple carriers, the reader can be benefited from the frequency diversity gain and the multipath fading problem can be mitigated. The remainder of this paper is organized as follows: Section 2 introduces the proposed system. Section 3 presents the experimental results. Section 4 draws conclusions.
II. A FREQUENCY DIVERSE GEN2 RFID SYSTEM WITH ISOLATED CONTINUOUS WAVE EMITTERS
Unlike the integrated reader in an ordinary UHF passive RFID system, the fundamental reader system in a multi-carrier UHF passive RFID system is composed by two parts: one set of isolated CW emitters (CWE) and a transceiver. The CWE can be a pre-laid leaky cable or radio source(s) close to tags, which emits a CW with frequency c f to illuminate nearby tags. When there are multiple CWEs occupying the same frequency in the system, it is assumed that they are carefully arranged so that destructive co-channel interference (CCI) is minimized. When a CWE is turned on, it constantly provides required energy and the MBS carrier to a tag. On the other hand, the transceiver, which can be farther away from the tags, is mainly used to transmit the R-T commands and receive the T-R responses. However, the RF signal from transceiver can partially provide required energy and the MBS carrier to a tag as well.
As illustrated in Fig. 1(b) , the received power of the tag can be presented as
where denotes the power of the CW emitted from the CWE, respectively. In addition, the power of the MBS received at the reader can be written as derived. In other words, given the same receiver sensitivity and the same CW emission power, the proposed system can effectively extend the tag accessible distance than that in an ordinary passive RFID with an integrated reader. Moreover, because the tags are continuously and plentifully illuminated by the CWE, the problem of insufficient tag operation energy is avoided.
In an ordinary Gen2 system, an integrated reader sends no less than 1.5 ms (Ts, setting time) CW to deliver power to passive tags before issuing an R-T command [1] , so that the tag ICs have sufficient operation power and are ready for the R-T command. Likewise, passive tags must be charged and ready to listen for an R-T command before it is issued by the transceiver in the proposed system. Because passive tags obtain full or partial power from nearby CWEs, CWEs must start to emit CW before the transceiver sends an R-T command.
A simplified normal operation flow of the proposed system is illustrated in Fig. 2 . Before issuing an R-T command, the transceiver sends a "turn-on" command to turn on the CWE and waits for the acknowledgement from the CWE. After the "turn-on" command is received, the CWE emits CW to illuminate the tags in its coverage, and return an "ACK" command to the transceiver. After the "ACK" command is received, the transceiver can start to access tags within the accessible range. When the accessing operation is finished, the transceiver sends a "turn-off" command to the CWE. Similar to the "turn-on" procedure, the CWE stop the CW emission and return an "ACK" to the transceiver. After the "ACK" is received by the transceiver, the operation is then terminated.
The proposed system may seem similar to an ordinary Gen2 system, except the additional CWEs. As a matter of fact, they are substantially different. In the following of this section, we discuss the major design considerations of the proposed system. Note that, in order to demonstrate the concept of the proposed system clearly, it is assumed that the CWEs are well-deployed and CCI is negligible. 
A. The frequency separation between the transceiver and the CWE
Because the transceiver and the CWE are separated in our proposed system, the carrier frequency of the transceiver ( t f ) and the frequency of CW ( c f ) emitted by the CWE can be different. Assuming the noise is negligible, both channels of transceiver-to-tag and CWEto-tag are quasi-static, and the bandwidth of R-T command signal is much smaller than the coherence bandwidth of the channel, the RF signal received by a tag can be expressed as ( ) α and c α represent the envelope of the equivalent lowpass channel of transceiver-to-tag and CWE-to-tag, respectively. After some manipulations, (6) can be rewritten as ( ) 
where is the frequency difference between the carriers of an R-T signal and the CW from a CWE. According to [1] , the RF waveform of an R-T command is Amplitude-Shift Keying (ASK) modulated with Pulse-interval encoding (PIE) as depicted in Fig. 3 . Thus, an R-T signal from the transceiver can be assumed as ( ) 
where and denote the powers of high and low level signals of R-T command from transceiver, respectively.
The received signal ) r t passes through the envelope detector circuit followed by a low-pass filter (LPF) inside the tag IC as shown in Fig. 4 
The envelope of received R-T command is then passed through the LPF as depicted in Fig. 4 . If the frequency difference w Δ is higher than the cut-off frequency of the LPF, the high frequency terms in (10) are removed by the LPF. Thus the output signal of the LPF can be approximated as ( ) 
Substituting (12) into (11), the range of the filtered output signal can be obtained as ( ) 
When the signal satisfies the regulations of an R-T command waveform and its corresponding modulation depth, the R-T command can be correctly recognized by Gen2 as shown in experimental results.
( )
However, when the frequency is lower than the cutoff frequency, the R-T command is distorted by the intermodulation of the two carriers of the transceiver and the CWE, and Gen2 tags do not respond the command. A simulation to illustrate the intermodulation distortion is shown in Fig. 5 , where the frequencies of the two cophased carriers from the transceiver and the CWE are 915.002MHz and 915MHz respectively. The frequency difference is 2KHz, which is lower than the cutoff frequency of the LPF.
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B. The modulation depth of R-T commands
In [1] , the modulation depth (MD) of a valid R-T command is specified to be greater than 80% and less than 100% in terms of the incident electric field strength at the tags. The MD is defined as
where and denote the maximum and minimum amplitudes of the RF envelope in an R-T command received by a tag respectively.
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In an ordinary Gen2 system, R-T command signals are issued from the reader as ( ) 2 , when high level is sent 2 , when low level is sent
Thus, the modulation depth can be expressed as Fig. 6(a) illustrates the waveform of an R-T command in an ordinary Gen2 system.
In the proposed system, the maximum amplitude of the RF envelope is corresponding to a high level signal of R-T command sent from the transceiver. From (13), we have 2 ' 2 ' , 7 2 2 8
Similarly, the minimum amplitude of the RF envelope corresponding to a low level signal of R-T command sent from the transceiver is derived as 
If we consider free-space loss only and assume the wavelengths of the R-T command and the CW are almost equal, the minimum modulation depth can be derived as 
C. The detection symbol in R-T Commands
In order to decode an R-T command, the tag IC must have a PIE decoder, which is an edge detector [5] . A regular Gen2 R-T command cannot be directly used in the proposed system, because the first falling edge and the last rising edge of the R-T command, as depicted in Fig. 6(a) , cannot be detected by tags. In order to be compliant with Gen2 tags, two short detection symbols are added to the beginning and the ending of each R-T command in the proposed system as illustrated in Fig.  6(b) .
D. The powers of the proposed system
In fact, the proposed system can be viewed as a spatially distributed power system, which portions the centralized power from an integrated reader to the transceiver and isolated CWEs. However, there are two constraints that need to be satisfied. One is the R-T command modulation depth requirement, and the other is the tag minimum power requirement. We carefully examine the two decisive factors as below. 
Equation (22) implies that the transmission power of a high level R-T command P increases as P increases. In order to reduce the system power consumption, a low P is desired. When is almost equal to zero, (22) can be written as ( )
According to (23), must be extremely large when the modulation depth is close to one. It is noteworthy that is also proportional to k .
In addition to the modulation depth constraint, there is another important factor that determines the power requirement of the proposed system: the minimum illumination of the tag P . In order to function normally, a passive RFID tag replies on continual RF illumination. If the tag cannot survive the drain of illuminating RF waves, it may function incorrectly or shut itself down. Therefore constantly providing the minimum illumination to a passive tag to maintain its working state is required. A tag may receive RF energy from both transceiver and CWE simultaneously. Because the signal transmitted from transceiver is independent to the CW from the CWE, from (6) and (15), the mean tag received power , when a low level R-T command is sent, can be expressed as
Considering free space propagation losses only, and assuming the tag antenna is omni-directional, (24) can be rewritten as 
where λ and G are the wavelength of the RF signal sent from the transceiver and the power gain of the transceiver antenna, respectively.
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In order to guarantee the satisfaction of tag power requirement, we can adjust the powers of transceiver and CWE in the system, so that . 
In order to satisfy the required modulation depth of R-T commands (equation 22) and the tag power demand (equation 25), and to minimize the total power consumption of the proposed system, the transceiver has to dynamically vary the transmission power at different stages, as depicted in Fig. 7 .
In the proposed system, a CWE continuously emits a constant power as P to illuminate tags. When the transceiver is issuing an R-T command, it sends high level signal power as P and stops sending any signal at low level command (that is, On-Off waveform). At the tag backscattering stage, the transceiver sends a CW with power to contribute some power to the tag and to serve as a carrier for the tag MBS other than that from the CWE. In general, the minimum power requirement of a Gen2 tag is about -10dBm, and the R-T command modulation depth is between 80% and 100% according to P [2] . Assuming all antennas are 0-dBi omni-directional antennas ( G G Table I shows some examples of possible power settings. The total power of the proposed system includes In order to validate the feasibility of the proposed system, a field experiment is done in our lab. An Agilent 89601 vector signal analyzer incorporating with an Agilent E4445A spectrum analyzer is used to capture the communication signals between the transceiver and a Gen2 tag. The frequencies of the CWE and the transceiver are 915MHz and 917MHz respectively. The R-T is 25us
Tari ' , tx Hi P [2] , and the duration of the both detection symbols are 11us. The powers of the CWE and the transceiver are adequately adjusted, so that the MD requirement is satisfied. The snapshots are taken near the tags. Fig. 9 shows that the tag MBS is relatively strong. Under such a circumstance, the accessible range of the tag can be extended to 4 times longer than that of an ordinary Gen2 system with the same emission power. Fig. 10 demonstrates an interesting multi-carrier backscatter property of Gen2 tags. We let the transceiver not only send the R-T commands but also send a low power CW during the tag responses. We found that the tag MBS presents not only in the carrier frequencies of CWE (915MHz) but also in the carrier frequencies of the transceiver (917MHz) as illustrated in Fig. 10 . This phenomenon implies that we can apply the frequency diversity technology (combining the MBS in the frequency of CWE and that of the transceiver) to enhance the quality of the tag MBS and to mitigate the multipath fading problem. 
IV. CONCLUSIONS
In this paper, we proposed a multi-carrier UHF passive RFID System, which can effectively extend the accessible range of Gen2 tags. Moreover, the frequency diverse backscatter property of Gen2 tags, which is explored in this paper, can be utilized in future RFID system design. A carefully examined power requirement in the proposed system is given in this work, which provides a feasible solution of the practical deployment of the proposed system. In fact, the total power consumption of the proposed system can be reduced if the requirement of the minimal modulation depth can be lower. Fortunately, through the empirical examination, we found that many tags can correctly recognize an R-T command with 70% modulation depth, which allows a lower and hence reduces the total power consumption of the system. His research areas are Wireless Communications, RFID, and Signal Processing. His current research interests include wireless communications, smart antenna technologies, and radio frequency identification systems.
